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ABSTRACT  Human serums contain a protein antigenically
related to protein AA, the principal protein of a major class of
amyloid substance. The serum antigen, SAA, occurs mainly in
a hiﬁh molecular weight form, 1 to 2 X 105, This work shows that
the bulk of the SAA sediments at density 1.12 g/cm? and floats
at density 1.21 g/cm3, as does the high density lipoprotein
HDL;. SAA is associated with the apolipoproteins ApoA-I and
ApoA-IL The total cholesterol:total protein ratio of the fraction
with density 1.12-1.21 g/cm? is 0.2:1, consistent with that of
HDL;. Acii{treatment issociates a significant portion of the
SAA constituent of the HDL; fraction into low molz:;ular weight
species of the order of 13,000. The quantity of SAA may vary
from 0.1% up to 1% or more of the total protein of HDL3.

Amyloidosis is the term given to a group of diseases charac-
terized by extracellular deposits in various tissues of a material,
amyloid substance, now known to be comprised largely of
protein. Chemically distinct varieties of amyloid deposits are
known (1). Recently most emphasis has been placed upon those
cases in which the amyloid substance has a significant com-
plement of immunoglobulin light chain fragments (2). How-
ever, the first protein extracted from amyloid substance and
recognized as a major constituent of one group of amyloid
substance was the polypeptide now called amyloid protein AA
(8). This protein was found in the amyloid deposits associated
with various chironic inflammatory diseases, such as rheumatoid
arthritis, ankylosing spondylitis, chronic osteomeylitis, and
tuberculosis in humans. All amyloid deposits of animals so far
examined, including monkey, mink, mouse, guinea pig, and
duck, yield upon extraction a polypeptide homologous by
amino acid sequence with the human protein AA (4-7). Human
and monkey protein AA are most nearly alike and consist of 76
amino acid residues, of molecular weights about 8500 and 8620,
respectively (8, 9). The amino acid sequence of protein AA is
not homologous with any known immunoglobulin or with any
protein so far identified.

Antibodies raised in rabbits against protein AA derived from
human amyloid tissue deposits react with a serum constituent
called SAA (10-12). The immunoreactive protein SAA has been
variously reported to have a molecular weight ranging from
80,000 to 200,000, as estimated by gel chromatography or
electrophoresis (10-13). Treatment of serum containing mac-
romolecular SAA with acid causes partial degradation of SAA
to a peptide with an estimated molecular weight of about 11
to 15 X 103 (13-15); this protein has an NHs-terminal amino
acid sequence identical with that of tissue protein AA (14, 15).
It is thought that the low molecular weight peptide is derived
from the “native” macromolecular SAA and that the low mo-
lecular weight SAA component is the precursor of the protein
AA of tissue amyloid deposits.
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The native state of SAA and its physiological functions have
not yet been described. Recently, a model for the apolipopro-
teins accounting for their combined hydrophobic and hydro-
philic (i.e., amphipathic) character has been proposed (16). In
a search for protein sequences having these amphipathic
properties, it was found that protein AA has such sequence
characteristics (17). This similarity led us to inquire whether
or not SAA is part of the lipoprotein complex. In what follows
we present evidence that by the usual operational criteria the
antigenically identified amyloid-related serum protein is as-
sociated with the serum high density lipoproteins floating in
the range of HDL; (1.12-1.21 g/cm?®) and appears to be a part
of the HDL; apolipoprotein complex.

METHODS AND MATERIALS

Human protein AA was isolated from liver tissue obtained at
autopsy from a patient with pulmonary tuberculosis, according
to methods previously described (5). The initial product was
further purified by rechromatography through Sephadex G-100
in 6 M urea/0.2 M NaCl/formic acid at pH 38.0.

Antiserums to protein AA were obtained by intradermal or
intramuscular injection of rabbits with 0.4-0.5 mg of the protein
dissolved at pH 10 in 0.5 ml of dilute NaOH and emulsified
with an equal volume of complete Freund’s adjuvant after the
solution had been brought to incipient precipitation (pH 8) with
traces of 5 M HCl. Two weeks after the initial injection the
rabbits were given an intravenous booster injection of 0.5 mg
of antigen without the adjuvant; fortnightly spaced local and
intravenous booster injections were repeated at 6 weeks and 4
months. One year after the initial injection the local and in-
travenous injection sequence was repeated; serum obtained 1
week after the final booster injection had a high antibody level
and was used for immunoassay.

Double immunodiffusion tests were done in Hyland Im-
muno-Plates (Travenol Laboratories), using the antiserum
concentrated 3-fold by vacuum dialysis against pH 7.4 phos-
phate-buffered saline. When the difficultly soluble protein AA
was used as antigen, it was dissolved in dilute NaOH at pH
9-9.5; other antigens were either human serum or serum
fractions in phosphate-buffered saline.

Radiolabeling of protein AA with 1251 was done enzymati-
cally with immobilized lactoperoxidase by an adaptation of the
method of Marchalonis (18). In a typical procedure the protein
AA (200 pg), dissolved in 35 ul of 1% sodium dodecyl sulfate
(NaDodSO,)/50 mM phosphate at pH 7.5, was mixed with the
pellet obtained by centrifugation of 10-15 ul of a suspension
of immobilized lactoperoxidase (Worthington) in a polyeth-

Abbreviations: AA, tissue-derived nonimmunoglobulin amyloid pro-
tein; SAA, serum component related to AA; NaDodSOy, sodium do-
decyl sulfate; Tween 20, polyoxyethylene sorbitan monolaurate; HDL,
high density lipoprotein isolated at solvent density 1.125-1.21 g/cm3;
ApoHDL, delipidated HDL.
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ylene centrifuge tube. Two hundred microcuries of carrier-free
Na!%] (Amersham) in 2 ul of dilute NaOH (pH 8-11) and 1 ul
of a Y00 dilution of 3% HyO, in 0.05 M phosphate (pH 7.5)
were added to the tube. The reaction was allowed to proceed
over a period of 3 min with intermittent mixing on a Vortex;
then it was terminated by the addition of 100 ul of 0.05% NaNg
in 0.05 M phosphate (pH 7.5). The mjxture was centrifuged for
1 min in a Beckman 152 Microfuge, the supernate was with-
drawn, and the pellet was washed by centrifugation with 100
ul of 1% NaDodSO4/50 mM phosphate at pH 7.5. The com-
bined supernate and washing were passed through a 0.9 X
58-cm column of Sephadex G-50 equilibrated against 0.01%
NaDodSO4/10 mM phosphate at pH 8.6. The protein AA
emerged in coincidence with a peak of radioactivity. The two
effluent fractions with the highest ultraviolet absorbance and
radioactivity were combined; the pool had an estimated specific
activity of 6 X 108 dpm per mg of protein AA.

Radioimmunoassay for SAA was done by a micromodifica-
tion of the two-antibody system (19). Ten microliters of a Yo
or Y% dilution (in phosphate-buffered saline) of antiserum to
protein AA, or similarly diluted normal rabbit serum for control,
was introduced into a 400-ul polyethylene tube with attached
cap. Human serum (2-50 ul, undiluted, diluted, or fractionated)
to be tested for SAA activity was added, followed by 10 ul of
a suitable dilution of steck !%5I-labeled protein AA. The diluent
for the labeled protein AA was 0.01% NaDodSO4/10 mM
phosphate at pH 7.4, and included sufficient polyoxyethylene
sorbitan monolaurate (Tween 20) to give a concentration of
0.04-0.07% (vol/vol) in the final reaction mixture. The Tween
20 was effective in keeping the level of nonspecific radioactivity
at 2% or less of the radioactivity initially added (20). After
mixing of the reactants, the tubes were momentarily centri-
fuged to consolidate isolated droplets, then incubated for 1 hr
at 37° and 30-60 min at room temperature, or alternatively,
overnight at 4°. After this primary incubation, an amount of
goat antiserum to rabbit IgG (Miles-Yeda) previously deter-
mined to give maximal precipitation was added (5-20 ul per
tube, depending on amount of rabbit serum present and titer
of anti-IgG serum). After mixing and momentary centrifuga-
tion, the total radioactivity in each tube was measured in a
Nuclear-Chicago automatic gamma counter. One hour after
addition of the second antibody, 100 ul of wash solution (equal
volumes of phosphate-buffered saline and 1% Tween 20/0.01%
NaDodSO,4/10 mM phosphate at pH 7.4) was added to each
tube. After brief mixing, the tubes were centrifuged for 2.5 min
in the Microfuge (13,800 X g, maximum) and the supernates
were removed by aspiration. The pellets were thoroughly dis-
persed in 100-u] volumes of wash solution by Vortex mixing,
the tubes were centrifuged, and the supernates were aspirated
as before. As a final rinse, 200 ul of wash solution was added to
each tube, and the tubes were centrifuged for 1 min to repack
the precipitate. The bottom of the tube with precipitate was
then cut off just above the top of the precipitate and the tube
bottom with the precipitate was transferred to a tube in which
radioactivity was measured. Net radioactivity in the precipitate
was obtained by subtracting the radioactivity in the normal
rabbit serum control.

Several concentrations of nonradioactive protein AA included
in each assay series were used to construct standard displace-
ment curves. From the standard displacement curves the
amount of AA equivalent protein was estimated. The sensitivity
of the method is of the order of 1-2 ng of AA equivalent. At 50%
inhibition of binding of radioactive AA, the ratio of nonra-
dioactive AA to radioactive AA was approximately 0.7, indi-
cating good retention of protein AA antigenic determinants in
the labeled material.
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F1G. 1. Sephadex G-200 chromatography of human serum (2.5
ml) obtained after typhoid immunization. Solvent, phosphate-buf-
fered saline; flow rate, 19 ml/hr; fraction volume, 3.7 ml.

Centrifugal flotation was done at 40,000 rpm (105,000 X g)
in a Beckman 40 rotor and L2-65B preparative ultracentrifuge.
Solvent densities were adjusted by the addition of solid KBr to
serum or infranates according to density tables based on
handbook values for the composition of aqueous KBr solutions.
Dilutions of serum or infranates to volumes convenient for
loading 10 ml per tube were made with KBr solutions of ap-
propriate density. Specific gravities were measured on selected
samples and corresponded satisfactorily with expected values.
After centrifugation for 44 hr at 5°, successive 2.5-ml layers
were removed from the tubes by careful aspiration into a sy-
ringe fitted with a flat-tipped needle. Corresponding layers
from replicate tubes were pooled and dialyzed against phos-
phate-buffered saline to remove KBr prior to SAA assays or gel
chromatography; when necessary, pools were concentrated in
collodion bags (Schleicher and Schuell) by vacuum dialysis
against phosphate-buffered saline.

Gel chromatography of serum and centrifugal fractions was
carried out in a 2.5 X 92-cm column of Sephadex G-200 by
upward flow of phosphate-buffered saline at 4°.

Total protein was estimated with the Folin-Ciocalteu phenol
reagent (21), with bovine serum albumin as standard.

Total cholesterol was measured enzymatically after hy-
drolysis of cholesterol esters to free cholesterol by cholesterol
ester hydrolase (22). k

EXPERIMENTAL OBSERVATIONS

The sedimentation characteristics of the principal components
in human serum reacting with the antibody to purified protein
AA derived from human tissues were investigated first on a pool
of human serum with a high SAA titer (3000 ng of AA equiva-
lent per ml of serum). These trials showed that the SAA sedi-
mented at densities less than 1.12 g/cm® and a major portion
(60%) floated at a density of 1.21 g/cm?. In this serum pool,
which had been stored for months at —20°, some material
sedimented as though it were protein without lipid at a density
of 1.25 g/em3.

On the basis of the preceding studies, a series of experiments
was undertaken with freshly drawn serum obtained with in-
formed consent from a woman 20 hr after a typhoid immuni-
zation injection, a procedure that elevates the SAA titer (23).
Chromatography of a sample of this serum on Sephadex G-200
gave the protein pattern shown in Fig. 1. The bulk of the
measurable SAA activity is seen to chromatograph in the
component labeled B, in which immunoreactivity to IgG was
contained. A very small peak of immunoreactive material is
present in the low (10,000-15,000) molecular weight range.

The chromatographic pattern of the fraction of the serum
floating at a density of 1.21 g/cm3 after removal of the portion
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FIG. 2. Sephadex G-200 chromatography of HDLj fraction of
human serum. Sample, 18 mg of total protein in 2.5 ml; other condi-
tions as in Fig. 1.

floating at a density of 1.12 g/cm3 is shown in Fig. 2. A small
amount of material absorbing at 275 nm appeared at the front.
However, the bulk of the material appeared in a single sym-
metrical peak corresponding to a molecular weight of around
1.6 + 0.3 X 105. This peak contained neither albumin nor IgG,
as determined by immunodiffusion against potent antiserums
to these proteins. The SAA activity was confined to this main
chromatographic constituent, in which the estimated AA-
equivalent was 10 ug/mg of total protein.

Assay of the fraction of serum floating at density 1.12 g/cm3,
containing the low density lipoprotein and high density lipo-
protein of density 1.06-1.12 g/cm3, showed only about 2% of
the total SAA found by radicimmunoassay. The major HDLg
fraction (density 1.21 g/cm3, top layer after removal of material
floating at density 1.12 g/cm?) contained 57% of the SAA. A
further 17% of the immuncreactive material was found in the
second layer of the density 1.21 g/cm? fractionation, associated
with a correspondingly diminished amount of HDLg identified
by Sephadex G-200 chromatography. Altogether, SAA associ-
ated with the HDL;3 appeared to account for 74% of the total;
11% was present in the third layer and 15% in the bottom
layer.

To further characterize the serum lipoprotein fraction con-
taining SAA, we examined the chromatographically (Sephadex
G-200) purified top layer peak fractions of density 1.12-1.21
g/cm? (apex, component B, Fig. 2) by immunodiffusion with
specific antiserums to HDL3 apoproteins ApoA-I and ApoA-IL
A strong reaction with the antiserum to ApoA-I and a weaker,
but definite, reaction with antiserum to ApoA-II were obtained,
consistent with the relative amounts of the apoproteins in HDL3
(24). The total cholesterol:total protein ratio in 15 pooled
fractions from the chromatographic peak was estimated to be
0.2, consistent with recorded values (24).

Tests of the correspondence of material derived from tissues
and in whole serum and the several fractions thereof were
performed by immunodiffusion against the antiserum to AA;
an example is shown in Fig. 3. The antigenic identity of the AA
and the reacting constituent in the serum, in chromatographi-
cally separated high molecular weight SAA, in the HDL3
fraction of the serum investigated here, and in an apolipopro-
tein preparation from a serum HDLg fraction of another in-
dividual is clearly evident.

_ In order to see if the low molecular weight serum AA con-
stituent could be derived from the high molecular weight
material we concentrated the ultracentrifugally prepared
HDL; fraction after chromatographic purification by vacuum
dialysis, brought it to 10% in formic acid, and incubated it for
24 hr at 37° to dissociate the SAA. The acid-treated concentrate
was chromatographed on a Sephadex G-100 column (1.6 X 90
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FIG. 3. Double immunodiffusion of rabbit antiserum (R) to
human protein AA apposed to the immunogen (AA), serum from ty-
phoid-stimulated donor (S), chromatographically separated serum
amyloid component (SAA), flotationally separated serum component
at solvent density 1.12-1.21 g/cm3 (HDL3), and delipidated compo-
nent of human serum (unstimulated donor) separated at solvent
density 1.1-1.21 g/cm? (ApoHDL3).

cm) with 10% formic acid as eluent. Of the total AA-equivalent
material recovered, about 35% appeared in the low molecular
weight region of 10,000-15,000 and about 60% appeared near
the front of the chromatogram associated with unresolved larger
molecular weight material, presumably apolipoprotein ag-
gregates.

DISCUSSION

The data provide evidence that the bulk of the amyloid protein
AA-related serum constituent, SAA, is associated with the HDLg
fraction of the serum lipoproteins. In the serum of individuals
having elevated concentrations of SAA the amount may be of
the order of 1% of the total HDL; proteins; the content of SAA
in HDL; fractions from serum of persons with normal levels
of SAA is about one-tenth of this, or about 0.1% of the total
HDL3 apoproteins. The small amounts of SAA present in the
HDL; fraction probably account for the fact that protein SAA
has not been observed previously in the search for the apopro-
teins of HDLg.

The identification of SAA as a small and apparently variable
constituent of the high density lipoproteins is consistent with
the idea concerning the amphipathic character of protein AA
(25). Furthermore, the association of SAA with the HDLg3 may
explain some of the peculiar variations found in the immu-
noassay of SAA observed by others who have studied its levels
in serum (13, 26). Similar variability in the immunoreactive
characteristics of apoprotein A-I of HDL have been found; these
differences in reactivity seem to depend upon the part of the
protein that is exposed when it is in the native high density li-
poprotein particle, and various manipulations have been in-
troduced to unmask the antigenic features of apolipoproteins
of high density lipoproteins in order to stabilize assays for the
lipoproteins (27, 28).

A logical question is whether SAA could form a part of and
be derived from one of the known apoproteins. The only likely
precursor is ApoA-1. Examination of the known sequence (29)
does not reveal a corresponding sequence of any significant
degree of homology; this is not apparently the source.

Several obvious questions are raised by this finding of the
bulk of the SAA in the HDL 3 fraction of human serum: (i) Does
the SAA reside in a special HDLg fraction or appear along with
ApoA-I and ApoA-II on the same lipoprotein particle? This
question is susceptible to an answer. (i) What is the function
of this apparently variable element of the lipoprotein complex?
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(#1) Where does it come from? (iv) How is it metabolized? The
last question bears upon the formation of amyloid deposits, since
it now seems reasonable to suppose that SAA is the precursor
of the protein AA found in tissue amyloid deposits.

Assuming that the SAA of low molecular weight forms a
variable part of the apoprotein complex of HDLj3, one can
visualize a possible mechanism for formation of protein AA of
8500 molecular weight from its SAA precursor of about 13,000
molecular weight. Since protein SAA and protein AA have the
same NHy-terminal portion, the portion lost from the SAA to
form AA must be a COOH-terminal fragment, molecular
weight about 4500. If this COOH-terminal portion were more
mobile and exposed on the HDL lipid particle surface, then
proteases could have access to this portion of SAA. Where the
proteases come from and of what type they are remain to be
ascertained. Deposition would require release of AA and the
association of AA monomers into fibrils.

Currently there is great interest in the function of HDL as
it relates to lipoprotein metabolism in artery wall cells (30-32).
The observations presented here and the characteristic location
of amyloid deposits containing protein AA in subendothelial
locations, in small artery and in vein walls, suggest the possibility
that endothelial cells and arterial wall smooth muscle cells are
sites for some physiological operation of the SAA-HDL;3 com-
plex.
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